T hyroid hormone-binding (THB) 4 Abs are frequently detected in patients with autoimmune thyroid disorders or in animal models of experimental autoimmune thyroiditis (EAT) (reviewed in Refs. 1 and 2). THB Abs recognize thyroxine (T4) or triiodothyronine (T3) residues on distinct hormonogenic sites of thyroglobulin (Tg) and are being viewed as a subset of Tg-reactive autoantibodies. Development of THB Abs does not usually result in systemic hypothyroidism because of the ability of thyroid-pituitary feedback mechanisms to compensate for hormone neutralization (1, 2) . However, THB Abs are clinically quite important because they interfere with the measurement of T3 and/or T4 and may occasionally hinder appropriate diagnosis and treatment (3) (4) (5) . THB Abs raise important questions at the basic level as well, because the parameters regulating the immunogenicity of the T3 and T4 moieties, which are considered as haptens covalently linked to the Tg molecule, remain mostly unknown. Also, anti-Tg Abs may exert modulatory effects in EAT via their influence on the generation of pathogenic Tg peptides (6) .
In Tg, the hormonogenic site at amino acid position 2553, at which a Tyr residue has been replaced by T4 via intramolecular coupling of two iodotyrosines, is one target of THB Abs (7) . This site contributes to the formation of a B cell determinant but it is also encompassed within the A k -binding, 12mer T cell epitope (2549 -2560) that was originally discovered to cause EAT by Roitt's group (8, 9) . This 12mer peptide at aa position 2553 (T4(2553)) is rather unique among the thirteen so far mapped pathogenic Tg sequences (10) , in that it is the only known Tg peptide that contains T4 and elicits strong proliferative as well as cytotoxic T cell responses (8, 9, (11) (12) (13) . T4 is an integral part of this epitope because replacement of T4 by a Tyr residue abolishes T cell recognition (8) . Furthermore, the four iodine atoms within the two-phenyl ring structure of T4 appear to sufficiently modify the peptide-MHC complex so as to elicit a distinct subset of thyroidinfiltrating T cells that recognize only the iodinated determinant (10, 12, 14, 15) . These observations strongly supported the view that posttranslational modifications of Tg form a determinant that elicits both THB Abs and autoaggressive T cells.
In this study, we set out to examine whether THB Abs, represented by two mAbs, could influence T cell recognition of the T4(2553) peptide. This aim was made feasible by the generation of the 3.47 T cell hybridoma clone that was serendipitously found to recognize the T4(2553) epitope (6) . In particular, we wanted to investigate whether THB Abs could detect the T4(2553) peptide even after its binding to the A k molecule and block its MHCrestricted presentation to T cells. Such evidence would provide support for an immunoregulatory role of THB Abs in the disease process.
Materials and Methods

Ag presentation
The preparation of F-moc-L-thyronine, F-moc-L-thyroxine, and the synthesis of thyronine (T0)-or T4-containing peptides were as previously described (12) . The sequences of these 12mer peptides, conserved between the murine and human species, were: Tg(1-12) NH 2 -NIFE T4 QVDAQPL-NH 2 , T4(5); Tg(2549 -2560) NH 2 -STDD T0/T4 ASFSRAL-NH 2 , T0/ T4(2553); and Tg(2559 -2570) NH 2 -ALENATRD T4 FII-NH 2 , T4(2567).
The composition and relative purity of each peptide were verified by timeof-flight mass analysis on a Bio-Ion 20 Analyzer (Applied Biosystems) and, in some cases, by amino acid analysis of peptide hydrolysates (6 N HCl, 22 h, 121°C) on a Beckman 6300 amino acid analyzer (Beckman Coulter). Purity was determined to be Ͼ90%. The mouse Tg peptides (2494 -2510) Ac-GLIN-RAKAVKQFEESQG-NH 2 and (2694 -2711) Ac-CSFWSKYIQTLKDAD GAK-NH 2 , as well as the mouse lysozyme peptide (46 -62), were synthesized at the Alberta Peptide Institute (Edmonton, Alberta, Canada) and purified as previously described (16, 17) . Mouse Tg was purified from homogenates of thyroid glands of outbred ICR mice (Harlan Bioproducts for Science) by gel filtration over a Sepharose CL-4B column as described (17) . Tg was dissolved in PBS, filter-sterilized, and stored at Ϫ20°C until use. Free T4 (Sigma-Aldrich) was dissolved in 99:1 of absolute methanol and 30% ammonium hydroxide at a stock concentration of 5 mg/ml.
Cell lines and T cell activation assay
The T cell hybridoma clone 3.47 was generated following a modified method of Perkins et al. (18) . Briefly, lymph node cells (LNC) from CBA/J mice (The Jackson Laboratory), immunized with mouse Tg emulsified in CFA (with Mycobacterium butyricum; Difco), were further stimulated in vitro with the same Ag and fused with BW5147 ␣ Ϫ ␤ Ϫ cells (a kind gift of P. Marrack, National Jewish Medical and Research Center, Denver, CO) using polyethylene glycol 1500 (Boehringer Mannheim). Screening and cloning were performed as previously described (16) . Expression of TCR and CD4 molecules on the 3.47 cells was verified by direct FACS analysis (data not shown). The TA3 cell line, produced by fusion of B cells from CAF1 mice with the M12.4.1 BALB/c B lymphoma (16, 19) , was kindly provided by L. Glimcher (Harvard University, Cambridge, MA). The IL-2-dependent CTLL-2 line was purchased from American Type Culture Collection. All cells were cultured in DMEM (Invitrogen Life Technologies) supplemented with 10% FBS (Harlan Bioproducts for Science), 10 mM HEPES buffer, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin (all from Invitrogen Life Technologies), and 5 ϫ 10 Ϫ5 M 2-ME (Sigma-Aldrich). CTLL-2 cells were grown in culture media supplemented with 10% supernatant from Con A-activated rat spleen cells.
In the activation assay, 10 5 3.47 T cells and 10 5 TA3 cells or macrophages were cultured in flat-bottom wells of 96-well plates, with or without various Ags, in a total volume of 200 l. Following a 24 h incubation, 100 l of supernatant was removed and stored at Ϫ20°C for assessment of IL-2 release, as measured by the proliferation of CTLL-2 line using [
3 H]thymidine (DuPont). Peritoneal macrophages were harvested from mice 4 days after i.p. injection of 2.5 ml of 3% thioglycolate per mouse.
Purification of mAbs and ELISA
The 55H8 and 91A1 mAbs (both IgG1) were derived from splenic B cells of BALB/c mice immunized with human Tg, following fusion with the mouse myeloma NSO. The mAbs were purified from ascites fluid by affinity chromatography on protein G-Sepharose 4 Fast Flow columns (Pharmacia). The purified material was concentrated to 1-2 mg/ml in PBS, filtersterilized and stored in 50% glycerol at Ϫ20°C until use. Isotyping was performed with the ISO-2 kit (Sigma-Aldrich). The hybridomas specific for A k (10-3.6.2, IgG2a) or E k (14-4-4S, IgG2a) were purchased from American Type Culture Collection and the respective mAbs were purified from culture supernatants by affinity chromatography, as described earlier.
ELISA was performed by coating microtiter polyvinyl chloride plates (Dynatech Laboratories) with 1 g/well of Tg or Tg peptides and by using an alkaline phosphatase-conjugated goat anti-mouse IgG (Sigma-Aldrich) as the second Ab. Absorbance at 405 nm was measured using a microplate reader (Vmax; Molecular Devices).
LNC proliferation assay and assessment of EAT
Female, 6-to 8-wk-old CBA/J mice were s.c. immunized with 100 g of T4(2553) in 100 l of CFA emulsion and 9 -12 days later, the draining LNC were restimulated in a recall assay in vitro. All experimental procedures were reviewed and approved by the Animal Care Committee at Memorial University of Newfoundland. In blocking assays, mitomycin Ctreated splenic cells (10 7 cells/ml) were used as APC following incubation with 10 g/ml T4(2553) peptide for 6 h at 37°C. After washing away the free peptide, the T4(2553)-pulsed splenic cells (10 7 cells/ml) were cultured with or without 60 g/ml blocking mAbs for 1 h. The APC were then washed and added (4 -6 ϫ 10 5 cells/well) to an equal number of T4(2553)-primed LNC for 96 h in a total volume of 200 l of DMEM supplemented with 1% normal mouse serum. During the last 18 h of culture, 1 Ci of [ 3 H]thymidine was added to each well. Cell harvesting and the counting of incorporated radioactivity were done as previously described (20) . Adoptive transfer of EAT by peptide-primed LNC was assessed 13 days posttransfer. Effector cell activation conditions were slightly modified from conditions earlier described: mitomycin C-treated splenic APC (2 ϫ 10 7 / ml) were pulsed for 4 h with peptide (30 g/ml), washed, incubated with 100 g/ml blocking mAb for 2 h, washed, and subsequently cultured with peptide-primed LNC at 2:1 effector to APC ratio. Four days later, 10 7 live cells, separated by Ficoll centrifugation, were i.p. injected into each recipient. Fixation, embedding, and sectioning of the thyroids were performed as previously described (21) . The mononuclear cell infiltration index was scored as follows: 0, no infiltration; 1, interstitial accumulation of cells between two or three follicles; 2, one or two foci of cells at least the size of one follicle; 3, extensive infiltration 10 -40% of total area; 4, extensive infiltration 40 -80% of total area; and 5, extensive infiltration Ͼ80% of total area. Each mouse was assigned the average infiltration index observed from both thyroid lobes (at least 10 sections per lobe were read and the maximum infiltration index per lobe was scored). The results were analyzed by the nonparametric Wilcoxon rank-sum test.
Results
The A k -restricted T cell hybridoma clone 3.47 recognizes a Tg peptide containing a unique hormonogenic site
The 3.47 T cell hybridoma clone was initially selected for its reactivity to mouse Tg-pulsed TA3 cells but upon continuous culture it lost responsiveness to intact mouse Tg (data not shown). However, it was serendipitously found that 3.47 was strongly activated by the conserved Tg peptide T4(2553), whereas it was unreactive to two other Tg peptides (2494 -2510) and (2694 -2711) (Fig. 1A) . The 3.47 clone is A k -restricted because activation was blocked by an A k -specific but not E k -specific mAb (Fig. 1B) . To test whether the presence of T4 within any peptide backbone is sufficient to activate the 3.47 clone, we examined the activation properties of two additional T4-containing 12mer peptides of Tg: the T4(5) (aa 1-12) and T4(2567) (aa 2559-2570). As shown in Fig. 1C , TA3 APC pulsed with those peptides or free T4 could not stimulate 3.47 to secrete IL-2. Lack of activation was not due to lack of peptide binding to A k because the T4(2567) peptide inhibited 3.47 activation by T4(2553) peptide in a competitive inhibition assay to the same extent as the mouse lysozyme peptide (46 -62), which is known (19) to bind strongly to A k (Fig. 1D ). The T4(5) peptide and free T4 were not inhibitors suggesting very weak or no binding to A k . The pathogenic 9mer Tg peptide (2496 -2504) that binds to E k (10) also showed no inhibitory effect (data not shown). These results confirmed that the amino acid residues surrounding T4 were essential for A k -binding and/or optimal TCR contact that would lead to the activation of the 3.47 clone.
The 3.47 T cell clone recognizes an iodinated determinant
To assess whether iodine atoms contributed to the formation of the epitope recognized by the 3.47 clone, we compared the activation profiles obtained following recognition of the T4(2553) peptide vs the T0(2553) peptide analog that lacks the four iodine atoms within the T4 structure. It was found that 3.47 cells were activated by TA3 pulsed with T4(2553), but were unresponsive to TA3 pulsed with the noniodinated analog ( Fig. 2A) . The T0(2553) peptide could almost completely block the activation of 3.47 by T4(2553) (Fig. 2B ) suggesting strong binding of the T0-containing analog to the A k molecule. These results clearly demonstrate that the 3.47 clone recognizes a determinant modified by iodine atoms within the two-phenolic ring structure of T4, and also suggest that the iodine atoms do not critically influence the binding of the T4(2553) peptide to the A k molecule.
Iodine atoms on the phenolic ring of T4 contribute to the formation of determinants recognized by the T4-reactive mAbs 55H8 and 91A1
We have previously reported the generation of a Tg-specific mAb 55H8 that binds to the T4(2553) peptide (12) . We proceeded to examine whether 55H8 is T4-reactive by monitoring its binding against other T4-containing peptides. It was found that 55H8 reacted similarly against T4(5) and T4(2567) whereas it did not bind to the T0(2553) analog (Fig. 3A) . These data suggested that the 55H8 mAb is T4-specific and that the iodine atoms on the phenolic ring of T4 are essential for such recognition. This was further confirmed by a competitive inhibition ELISA in which free T4, or T4-containing peptides but not T0(2553), completely inhibited the binding of 55H8 to mouse Tg (Fig. 3C ).
When we compared the reactivity profile of 55H8 with that of a second T4-specific mAb 91A1, we obtained an overall similar pattern of response with some differences. As shown in Fig. 3B , mAb 91A1 reacted with all the three T4-containing peptides but not with T0(2553) peptide on a solid phase despite a weaker binding to peptides T4(5) and T4(2553). Similarly, in competitive inhibition, all of the T4-containing peptides and free T4 molecule could inhibit binding of 91A1 to mouse Tg (Fig. 3D ), although such inhibition was detectable at higher concentrations of peptides and T4 molecule than those for 55H8. This was partly due to the fact that a 5-fold higher concentration (5 g/ml) of 91A1 was used in the inhibition assay to achieve a maximum OD value of 0.947 in the absence of inhibitor. Thus, the two T4-specific mAbs, 55H8 and 91A1, exhibited an overall similar reactivity profile to T4-containing peptides, but the 91A1 seemed to recognize T4 with a different affinity and/or such recognition was more influenced by neighboring amino acids than that of 55H8.
The T4-reactive mAbs 55H8 and 91A1 differ in their fine specificity
The T4 molecule contains four iodine atoms, two at positions 3 and 5 of the inner phenolic ring and another two at positions 3Ј and 5Ј of the outer ring. The hormone T3 lacks the iodine atom at the 5Ј position. To examine the fine specificities of 55H8 and 91A1, we conjugated rabbit serum albumin (RSA) with T4 or T3 and tested the binding of these mAbs to the conjugates by ELISA. The mAb 55H8 bound strongly to T4-RSA but not to T3-RSA (Fig. 4A) , whereas 91A1 bound equally well to both conjugates (Fig. 4, A and  B) . Both mAbs bound equally well to mouse Tg. These data suggested that the iodine atom at the 5Ј position of the outer ring is an integral component of the determinant recognized only by 55H8, and not by the 91A1 mAb.
TCR recognition of the T4(2553)-A k complex is blocked by the 55H8 mAb
It is well known that peptide-specific Abs do not commonly recognize their ligand within peptide-MHC complexes due to sequestration of the peptide within the MHC groove. Due to the bulkiness of the T4 moiety within T4(2553), and the requirement for T4 in the TCR triggering of the 3.47 clone, we envisaged that the T4-reactive 55H8 mAb might bind to the peptide-MHC complex and block peptide recognition by this T cell clone. To test this, TA3 cells (Fig. 5A) or peritoneal thioglycollate-stimulated macrophages (Fig. 5B) were pulsed with 2 g/ml T4(2553) for 6 h, washed, and subsequently cultured with 3.47 T cells in the presence of increasing amounts of 55H8 and 91A1 mAbs or a control Tg-specific mAb of the same IgG subclass (3B3). Activation of 3.47 was strongly inhibited by 55H8, whereas the 91A1 and the control mAb 3B3, used at equimolar amounts, had no effect. A similar blocking effect of 55H8 was seen following fixation of T4(2553)-pulsed TA3 APC with glutaraldehyde (Fig. 5C ). These data suggested that some T4-specific Abs, exemplified by 55H8, can block recognition of the pathogenic T4(2553) epitope by T cells.
55H8 inhibits activation of T4(2553)-primed LNC and adoptive transfer of EAT
The potential of the 55H8 mAb to inhibit T cell activation was subsequently tested in a proliferation assay using T4(2553)-primed LNC from CBA/J mice. Mitomycin C-treated syngeneic splenocytes were pulsed with T4(2553), washed, and cultured with T4(2553)-primed LNC in the presence of 55H8 or 91A1. As shown in Fig. 6A , T4(2553)-pulsed, but not unpulsed, splenocytes induced a strong proliferative LNC response that was significantly inhibited only by 55H8 and not by the 91A1 or 3B3 control mAbs. Subsequent adoptive transfer of these cell populations into syngeneic CBA mice showed that effector cells cultured with the 55H8-treated, T4(2553)-pulsed splenocytes induced EAT with an average thyroidal lymphocyte infiltration index of 1.42 Ϯ 0.58 (Fig.  6B) . In contrast, the T4(2553)-primed LNC, cultured with the nontreated or the 91A1-treated APC, elicited a significantly higher lymphocytic infiltration of the thyroid with an average infiltration index of 2.42 Ϯ 0.58 ( p Ͻ 0.05). The large inhibition of the T4(2553)-specific T cell activation by 55H8 and the reduction of the pathogenic potential of such cells in vivo strongly suggested an immunoregulatory role for T4-reactive Abs following the formation of hormonogenic peptide: MHC complexes resulting from the processing of Tg or Tg fragments.
Discussion
Among the six hormonogenic sites described in human Tg, corresponding to tyrosyls 5, 685, 1290, 2553, 2567, and 2746 (22) , the one at position 2553 has attracted special attention because peptides encompassing this site are recognized by human autoantibodies (7) and stimulate the adoptive transfer of murine EAT by T cells primed in vivo with the same peptide or mouse Tg (7) (8) (9) (10) (11) (12) (13) (14) . In this report, we provide evidence that the mAb 55H8, which requires the 5Ј iodine atom of the outer phenolic ring of T4 for binding to Tg, markedly inhibits the activation of T cells responding to the pathogenic T4(2553) peptide. This suggests that the B cell and T cell responses targeting this site can be antagonistic at the effector stage.
The 55H8 and 91A1 mAbs, binding to T4 and T3, respectively, represent only certain subsets of all THB Abs that include Abs reactive to both T3 and T4 or Abs binding to T3, T4, and reverse T3 (1). Both mAbs were generated using human Tg as an immunogen, but it is unknown whether T4 at position 2553 contributed solely to their induction, because there are at least two hapten-like T4 residues exposed on the surface of the Tg "carrier" (23, 24) . Flanking residues can contribute to the antigenicity of hormonogenic sites (7) and the inhibition data suggested differences between 55H8 and 91A1 binding to Tg that could be accounted for by steric effects of T4, surrounding residues and/or by binding affinity differences between the two mAbs. Conversely, the binding of 55H8 and 91A1 to Tg was completely inhibited by free T4 in our study, suggesting that the B cell determinants recognized by these mAbs are localized within the thyroxyl residue. In contrast, the 3.47 clone was not activated by free T4, or T4-containing peptides other than T4(2553), in agreement with previous studies with hormonogenic peptides, emphasizing the role of amino acid residues surrounding T4 for MHC binding or TCR contact (12, 15) .
THB Abs are detected both in human autoimmune thyroid disorders and in models of spontaneous thyroiditis (1, 2, (25) (26) (27) . However, they usually exert no appreciable effects on metabolic status because of: 1) their relatively low binding affinity as compared with physiologic blood proteins such as thyroxine-binding globulin; and 2) the capacity of the thyroid gland to compensate for hormone neutralization via the thyroid-pituitary feedback mechanism (1, 2). In addition, hormonogenic sites on Tg may constitute minor antigenic determinants serologically because THB Abs are found only in a small portion of patients with anti-Tg Abs (2) . The relative autonomy of THB Ab production has also been reported in mice, in which the Ir genes controlling the response to human Tg vs thyroid hormone seem to be different (2, 28) . Although the molecular basis of these observations remains obscure it is becoming increasingly clear that THB Abs, once formed, can exert immunoregulatory influences. For example, we have previously shown that 55H8 when bound to Tg suppresses the generation of T4(2553) in APC processing the immune complex (6) . We have hypothesized that this suppressive effect could be due to peptide sequestration and prevention from loading on A k molecules, as predicted by the T cell to B cell reciprocity hypothesis (29, 30) . In this report, 55H8 has been shown to block recognition of T4(2553) after the peptide is bound in the MHC groove. This steric hindrance effect can be explained by a protrusion of the thyroxyl side chain above the groove to allow binding of 55H8 and the strict dependence of 3.47 activation on the presence of iodine atoms within the peptide-MHC complex because this clone does not react to the T0(2553) analog. Abs accessing peptides bound to MHC class I (31) or class II (32-34) molecules have been previously reported.
Our results are in agreement with previous studies showing that LNC from CBA/J mice primed with the T4(2553) peptide could not be cross-stimulated in vitro with the T0(2553) analog and this regimen failed to generate effector cells that could adoptively transfer EAT (12) . This suggested that the bulky iodine atoms of T4 (atomic radius of iodine is ϳ133 pm) modify the peptide-MHC complex sufficiently so as to elicit a distinct subset of T cells, probably represented by the 3.47 clone described in this report, that recognize only the iodinated determinant. Also, our results are in partial agreement with those of Dawe et al. (15) who showed that the activation of a hybridoma clone responding to T4(2553) but not to T0(2553) could be blocked by an anti-T4 mAb. However, in that study, the iodine atoms within the T4 moiety were deemed necessary for peptide binding to MHC because the T0(2553) analog could not block activation of the T4(2553)-specific clone. Our data (Fig. 2) do not support this interpretation because T0(2553) can almost completely block the activation of the 3.47 clone suggesting that the iodine atoms are critical in forming a TCR-contacting residue. The mild immunopathogenicity of the T0(2553) peptide in CBA/J hosts (12) also strongly suggests that the iodine atoms of the thyroxyl side chain are not necessary for peptide-MHC binding. Removal of iodine from the tryptic human Tg fragment (2513-1713) has been reported to convert epitope(s), encompassed within this fragment, from immunogenic to tolerogenic (35) , emphasizing the immunomodulatory potential of iodine incorporated in Tg.
Our current and previous (6) findings highlight the interplay between humoral and cellular immunity in autoimmune thyroiditis. They demonstrate that THB Abs, represented by 55H8, can prevent the activation of T cells responding to the pathogenic T4(2553) epitope, either via peptide sequestration (6) or blockade of peptide-MHC complexes. Abs specific for complexes of A s and an encephalitogenic determinant of myelin basic protein have analogously been reported to block EAE (32) . The T4(2553) can activate T cells following priming with intact Tg in vivo but it has been classified as subdominant because T4(2553)-primed T cells seldom respond to intact Tg processed in vitro (8 -10, 12) . Nonetheless, tyrosyl 2553 is one of the first sites to be iodinated in Tg (22) . Given that enhanced iodine incorporation increases the immunogenicity of Tg (36 -38) , it is plausible that the T4(2553) peptide becomes an early target of autoaggressive T cells in autoimmune thyroiditis, following the subsequent coupling of a "donor" iodotyrosyl to form the hormonogenic site at position 2553. TBH Abs blocking the activation or effector function of such cells may help in the prevention or amelioration of the disease. (2553)-specific pathogenic T cells is blocked by the 55H8 mAb. A, T4(2553)-primed LNC were cultured with mitomycin C-treated splenocytes that were pulsed with 10 g/ml T4(2553) peptide for 6 h, washed and subsequently blocked with 60 g/ml mAb 55H8, 91A1, or 3B3 (o) or no mAb (f) for 1 h. LNC proliferation was measured by adding [ 3 H]thymidine during the last 18 h of a 4-day culture. Splenocytes not pulsed with peptide were used as controls (Ⅺ). B, Adoptive transfer of EAT by 10 7 T4(2553)-primed LNC following their in vitro restimulation with mitomycin C-treated, T4(2553)-pulsed syngeneic (CBA/J) splenocytes in the presence of 100 g/ml 55H8 and 91A1 mAbs. EAT severity was scored on day 13 after transfer and the data were analyzed by the nonparametric Wilcoxon rank-sum test.
